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1. Introduction

Although no such aircraft is currently under development, there has been much consideration over the
last decade of the potential impacts on the environment of projected fleets of supersonic passenger jets
that would fly approximately 300 passengers at roughly twice the speed of sound. These High Speed Civil
Transport (HSCT) aircraft are likely to be reconsidered in the future if it is thought that various
engineering and fuel use concerns can be resolved. Thus, evaluation of the potential effects of such
aircraft on the global environment remains valuable. In particular, it should be noted that existing ozone-
impact studies have not fully analyzed the potential extent of possible flight and emissions criteria for
such aircraft.

The IPCC evaluated the effect of supersonic engine effluent on stratospheric ozone (O;) using two-
dimensional (2-D) and three-dimensional (3—D) chemical transport models (CTMs) of the global
atmosphere in the 1999 IPCC aircraft assessment (IPCC, 1999). An earlier version of our 2—D model,
submitted by colleagues at Lawrence Livermore National Laboratory, was included in the assessment.
Since the aircraft do not match any specific design, the IPCC report treated the study of supersonic
aircraft in a parametric way looking at more than 50 scenarios. We chose seven scenarios from that list
for assessing the current version of the UIUC zonally-averaged 2—D model of the global atmosphere in
terms of the potential atmospheric impact on stratospheric ozone from assumed fleets of HSCT aircraft.
This version of the model has been used for the subsequent studies in this report.

In this study, we will focus on the type of HSCT considered over the last decade, where, because of
noise concerns, the aircraft is primarily allowed to fly at supersonic speeds only over the oceans. Like
other aircraft based on current jet engine technology, these HSCT type aircraft will emit nitrogen oxides
(NO4 =NO + NQO,), carbon dioxide (CO,), water vapor (H,O) and sulfur, the latter if it is still in the fuel.
In the studies of ozone effects presented here, only NOy and H,O emissions are considered. Although
there would also be some emissions of hydrocarbons and carbon monoxide, past studies indicate that
these emissions are unlikely to be important in the global atmosphere.

This report analyzes the potential impact of projected fleets of HSCT aircraft through a series of
parametric analyzes that examine the envelop of potential effects on ozone over a range of total fuel
burns, emission indices of nitrogen oxides [E.I. (NOy)], and cruise altitudes.

2. Methodology

2.1 Description of Scenarios

2.1.1 Scenarios for comparison with IPCC (1999).—The seven scenarios chosen for comparing our
2—D model with the IPCC (1999) assessment are S1b, Slc, S1d, Sle, S1i, S1k, and S9h (table 3). These
supersonic aircraft scenarios for 500 or 1000 HSCT aircraft would cruise at standard height
(approximately 18 to 21 km altitude range). The HSCT scenarios contain subsonic aircraft as well as
HSCT commercial aircraft, with the combination accounting for the same passenger demand as in the
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baseline subsonic only scenario for 2015 or 2050. The HSCT scenarios are analyzed relative to the
corresponding 2015 or 2050 baseline scenario.

In all these scenarios the reference atmosphere is consistent with a sulfate area density (SAD)
corresponding to a background atmosphere, labeled SAQ, without major input from volcanic eruptions or
from aircraft. For the scenarios S1k and S9h a sulfur dioxide gas to particle conversion factor of
10 percent is used in the perturbation case. Boundary conditions for the background atmosphere for long-
lived gases are changed to 2015 concentrations for all the scenarios except S9h for which a 2050
background was used as given in table 1. For the S9h scenario the background NOy is increased by a
factor of 129 percent and the carbon monoxide (CO) is increased by 87 percent based on tables 4 to 2 of
IPCC (1999); these values are then used in deriving the background steady state concentrations.

21.2 HSCT Type Scenarios.—A set of emissions scenarios for HSCT type aircraft have been
developed for the Ultra-Efficient Engine Technology (UEET) Program at the NASA Glenn Research
Center by Baughcum et al. (2002). These scenarios consider a range of possible design criteria for a fleet
of 500 HSCT aircraft. The particular variables chosen for the parametric studies to evaluate the
atmospheric effects of this type of aircraft are fuel burn, cruise altitude, and emission index of NOy. From
fuel burn, one can readily determine the emissions of water vapor (and carbon dioxide and several other
types of emissions).

Fuel sulfur content was not considered in this parametric study for two reasons. The primary concerns
about sulfur emissions on ozone occur if there is rapid conversion of the sulfur into sulfate aerosols within
the aircraft plume, before the emissions are well mixed into the background atmosphere. However, recent
studies suggest less than 5 percent of the sulfur emissions are likely to be converted in the plume. If so,
such emissions are likely to have a negligible effect on the derived changes in ozone. Also, it is generally
thought that sulfur will be eliminated from the fuel over the next few decades.

Baughcum et al. also developed a scenario for the subsonic commercial aircraft flights by airplane
types, along with corresponding emissions projected for 2020. Flight traffic for the projected fleet of
500 HSCT aircraft then displaces part of the subsonic projection. As mentioned earlier, for the HSCT
scenarios developed, it was assumed that no supersonic flights would be allowed over land (any flights
over land by HSCT aircraft would need to be at subsonic speeds). The total cruise fuel used for this type
of HSCT was chosen to be reasonably represented by assuming it would be equivalent to the fuel use
represented by 10 to 20 percent of the total cruise fuel use for flights greater than 2500 nautical miles.
This corresponds to fuel burn of 73 to 146 million pounds per day. These two fuel use values were used
for differing scenarios.

The emission index of NOy is an important issue since much of the concern regarding the atmospheric
effects of aircraft emissions arises from NO, emissions. For this study, emission indices of 5, 10, and
20 g/kg of fuel were considered for the two fuel burn cases, which span the range of current and projected
engine technology.

Four two kilometer altitude bands ranging from 13 to 21 km (representation of these in our model is
in log pressure altitude) were chosen for evaluating the effect of cruise altitudes on ozone concentrations
so that emissions were put into the bands of 13 to 15, 15 to 17, 17 to 19, and 19 to 21 km. This range is
broader than actually expected for the cruise altitude of HSCT aircraft, but in our study we also
wanted to extend the range to consider the full range of effects on ozone.

Since the 2-D model uses a grid based on pressure coordinates with 1.5 km between zones, the
emissions were spread across two model layers of the model. The pressure grid of the emissions was
remapped onto our pressure grid. Also, after zonally averaging, the emission file was remapped from its
1° latitude distribution onto the 5° latitude resolution of the model.

In the model, the background atmosphere was set to a 2020 atmosphere with the source gas
concentrations of the long-lived species changed according to table 1. This choice of background
concentrations of long-lived constituents is based on the A2 scenario recommended in IPCC
(Houghton et al., 2001). Scenario A2 is in the upper middle of the range of scenarios being used for
analyzing the potential effects of human activities on climate. The scenarios were analyzed relative to the
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corresponding 2020 base with a subsonic aircraft included based on the 2020 subsonic aircraft emissions
developed by Baughcum et al. (2002). The HSCT type scenarios, which also contain the revised subsonic
emissions resulting from including the HSCT fleet, were then evaluated for their effects on ozone relative
to this background atmosphere.

TABLE 1.—BACKGROUND SURFACE CONCENTRATIONS FOR
LONG-LIVED GASES IN 2015 FROM IPCC (1999) AND IN
2020 BASED ON SCENARIO A2 IN IPCC (2001)

Chemical Species 2015 2020 2050
CFC-11 (pptv) 220 214 120
CFC-12 (pptv) 470 486 350
CFC-13 (pptv) 80 72 60

CC14 (pptv) 70 59 35

HCFC-22 (pptv) 250 229 15

CH;CCl; (pptv) 3 1 0
HCFC-141b (pptv) 12 16 0
Halon—1301 (pptv) 1.4 3.0 0.9
Halon—1211 (pptv) 1.1 3.0 0.2

CH;Cl (pptv) 600 550 600
CH;Br (pptv) 10 7.34 10
CH, (ppbv) 2052 1997 2793
N,O (ppbv) 333 335 371
CO, (ppmv) 405 417 509

2.2 Model Description

The UIUC 2-D chemical-radiative-transport model is a zonally-averaged model of the chemistry and
physics of the global atmosphere. The model is often used to study human related and natural forcings on
the troposphere and stratosphere, but, because it is zonally-averaged, the analysis of tropospheric
processes is limited. The model determines the atmospheric distributions of 78 chemically active
atmospheric trace constituents. The model domain extends from pole to pole and from the ground to
84 km. A grid element in the model represents 5° of latitude and 1.5 km in log-pressure altitude. In
addition to 56 photolytic reactions, the model incorporates 161 thermal reactions in the chemical
mechanism; including heterogeneous reactions (e.g., see Wuebbles et al., 2001, or Wei et al., 2001).
Reaction rates and photolysis cross-sections in the model are based on recommendations from NASA’s
Chemical Kinetics Review Panel (e.g., DeMore et al., 1997; Sander et al., 2000).

The transport of chemical species is accomplished through advection, turbulent eddy transport, and
convection. Transport of species in the model is self-consistently calculated using the predicted model
ozone (and other radiatively important species) and seasonally varying climatological temperatures (based
on NCEP analyses). Model transport fields are evaluated by combining the zonal mean momentum
equation and the thermodynamic equation into a form that, along with the thermal wind equation yields a
second order Poisson diagnostic equation for the residual mean meridional stream function. The right
hand side of the stream function equation includes the net heating rate term and all wave forcings. The net
heating rate is calculated knowing the temperature and chemical species distributions and includes latent
heating. Planetary waves for wave numbers 1 and 2 are included. Stratospheric values of Ky are
calculated using the planetary wave dissipation rate and vorticity for both wave numbers 1 and 2. Values
of K,, due to gravity waves are evaluated. Larger diffusion coefficients are assigned to the troposphere to
mimic fast tropospheric mixing. The model uses a seasonally varying tropospheric K,,. Convective
transport in the model is based on the climatology of Langner et al. (1990).
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The latest version of the UIUC 2-D model, labeled the 2002 version, has some key improvements
incorporated in it. All of the upgraded components of this version are briefly described in table 2. Major
upgrades to the solution technique of residual mean meridional circulation (RMMC) and the treatments of
atmospheric dynamics were made through better representation of the effects of planetary waves and a
more accurate method for determining the RMMC. The treatment of planetary waves with wave numbers
1 and 2 have been updated with better data-based boundary topography and boundary winds. Latent
heating and the sensible heat flux are specified based on more physically meaningful analyses. An
accurate and fast long wave radiation code for the height of surface to 60 km is adopted in the radiation
part of the model. The improvements in the treatment of the infrared radiation and RMMC solution
technique are discussed in Choi and Youn (2001). The zonally averaged temperature and wind fields are
specified based on 6 year climatology of the United Kingdom Meteorological Office (UKMO) reanalysis
data. In addition, background diffusion coefficients, which cannot be explicitly obtained in the model, are
also tuned for the “leaky pipe” model and the model barrier between tropics, mid-latitudes, and polar
regions.

In the current version of the model the chemistry has been updated according to the NASA
recommendations (Sander et al., 2000). This particularly affects the nitrogen oxide chemistry, the N,Os
and CIONO, hydrolysis and several HOCI and HCI reactions. HOBr and HOCI cross-sections and the O;
photolysis quantum yields are updated as well.

All of these changes in the model have resulted in the improved representation of the distributions of
age of air, which means better model transport in the “age of air” concept (Hall and Plumb, 1994; Hall
et al., 1999). Figure 1 represents simulations of mean age by the improved models of 2001 version to
2002 version. The upgraded components make the model mean age distribution closer to the observed
features described in “Models and Measurements I1” (Park et al., 1999). Figure 1(d) is the mean age
distribution of the 2002 version of UTUC 2—-D model. It shows the tropical pipe structure in the tropics.
The older mean age in the higher latitudes and altitudes than those in M & M 11 is seen and thought to be
closer to the observed age of air. For example around 23 to 25 km the mean age of the current model in
the Polar Regions is larger than the previous versions, which shows the improved performance of the
current model in the vicinity.

2.2.1 Comparison of the new UIUC 2—D Model Results with Measurement Data.—The distribution
of the chemical species determined from the 2002 version of the model have been compared with
available observations, such as the HALOE climatological data obtained by six years average of 1993 to
1998 of satellite measurements. The broad patterns and magnitudes of model CH4, H,O, HCI, and O;
distributions agree well with HALOE observations (fig. 2). The agreement in the equatorial region looks
outstanding, especially in the upper stratosphere. In the mid-latitudinal lower and middle stratosphere the
model trace gases show a smaller horizontal gradient than the HALOE data due to uncertain planetary
wave diffusion in the model. Model trace gases in the equatorial lower stratosphere show some bulge and
isolation from mid-latitude, although the degree of the bulge is smaller.

For NOy, when the model output data is compared with the HALOE data, as shown in figure 3, we see
that the model compares extremely well with the observations up to 30 km altitude, thus conforming well
to the satellite observations in the lower stratosphere, the region of interest for the aircraft studies. There
are, however, large disagreements in the middle and upper stratosphere region, suggesting that the current
model has an error in representing NOy chemistry in this region. We are currently investigating the cause
for the discrepancy. Since most of the aircraft emissions will be in upper troposphere lower stratosphere
region, it is reasonable to say that the current version of the UIUC 2—D model captures NOj sufficiently
well in the region of concern to be a very useful tool for the purpose of aircraft studies.
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TABLE 2.—A BRIEF DESCRIPTION OF THE IMPROVED METEOROLOGICAL

COMPONENTS IN THE UIUC 2-D MODEL

Upgraded Model
Components

Description

References

RMMC

(v, w

Two schemes of residual mean meridional circulation (RMMC),
which target accurate residual circulation in the whole model domain,
are applied adequately according to the height levels. It uses both
thermodynamic energy equation and continuity equation among four
TEM equations avoiding tricky and uncertain wave forcings.

Choi (1995)
Choi and Youn
(2001)

Longwave heating
rates

QIR

Fast and accurate longwave radiation code for the height range of
surface to 60 km is merged to the radiation part of the model.
Absorption by CO,, O3, HO, CHy, and N,O are atmospheric absorber
in the infrared code.

Olaguer et al.
(1992), Gettelman
etal. (1997)

Latent & sensible
heating rates Qjyent

The results of SNU AGCM (Seoul National University AGCM) are
adopted. It is more physical than those from the previous crude
parameterization because the algorithm used in the AGCM contains
full physical processes in sophisticated manner.

Arakawa and
Schubert (1974),
Matsuno (1995),

Kim (1999)

UKMO
meteorological
fields

The zonally averaged monthly—mean climatologies of wind (U ) and
temperature (7 ) field from 6 years of UKMO reanalysis data are
used in the model through Fourier time interpolation.

Swinbank and

O’Neill (1994)

Manney et al.
(1996)

Planetary wave
model

Rayleigh friction coefficient is found to be very sensitive to
amplitudes of wave amplitude in the planetary wave model, and so
tuned for the better simulation of planetary waves. Planetary wave
number 2 was considered as well as wave number 1 with real
boundary topographical values and boundary.

K,y by planetary wave breaking is parameterized following Garcia
(1991), but from full expression of dissipation rates.

Garcia (1991)
Garcia et al. (1992)
Randel & Garcia
(1994)

Choi (1996)

Li et al. (1995)
Nathan et al.
(2000)

background K,

The background values of K,, outside planetary wave breaking region
have influence on the global distribution of trace gases. Values of
Background K, 5 x10° m* s were chosen for “tropical pipe model”
in 2001 model, but these values made tracer distribution away from
observed distribution. And so background K,, values are increased
and tuned especially in the equatorial region considering height levels
such as 0.13x10% m? s™! from tropopause to 21 km, 0.07x10° m? s
from 21 to 35 km, and 0.1x10° m%s above 35 km for “leaky pipe
model.”

The various different background values of K, between tropics and
mid-latitudes are tested and then properly specified. Some changes in
the troposphere are also done.

Schoeberl et al.
(1997)

Shia et al. (1998)
Li & Waugh
(1999)
Schneider et al.
(2000)
Jones et al. (2001)

Vertical diffusion coefficient K,, values in the troposphere and lower
stratosphere were changed. A lower limit of K,, of 0.01-0.02m’s ™" in
the lower stratosphere following the observational analysis of Hall
and Waugh (1997) and Mote et al. (1998) was specified. But it makes
little difference in the model distribution of trace gases.

Hall et al. (1999)
Shia et al. (1998)
Bacmeister et al.
(1998)
Fleming et al.
(1999)
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Figure 1.—Mean age distributions derived from the age spectrum simulated by improved models.
(2) 2001 model and the models (b) with UKMO data and the improvement of circulation and long wave
radiation, (¢) with the improvement of planetary wave model, and (d) with background and tropospheric
K,y and K, tuned. Modifications from (b) to (d) are accumulatively added to the 2001 model.
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UIUC2D MODEL and HALOE Observation
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Figure 2.—Annually—averaged zonal mean mixing ratios of (a) CH4 (ppm), (b) H20 (ppm), (c) HCI

(ppb), and (d) O3 (ppm) from 2002 UIUC 2-D CRT model (solid lines) and 6-year-averaged HALOE
observation (dotted lines).
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Vertical Profiles of Model and HALOE Species

Averaged for 32.5N—57.5N
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Figure 3.—Vertical profiles of annual mean values for (a) NO, (b) NO,, and (c) NOy from the 1999
version (dashed), 2001 version (dotted), and 2002 version (solid) of model and 6-year-averaged
HALOE observations (cross mark) in the Northern hemispheric mid-latitude (32.5 to 57.5 N).
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3. Results and Discussion
3.1 Comparison of Model Results with IPCC

The current version of the UIUC 2—-D model generally shows much higher sensitivity to NOy
emissions from HSCT aircraft than the IPCC (1999) assessment models (using earlier scenarios compared
to those used otherwise in this study). The overall difference with the 1999 analyses is largely due to
several changes in the recommended chemistry for nitrogen oxides in the lower stratosphere, resulting in
an increased sensitivity of NO, emissions on stratospheric ozone. The differences in the results for the
Southern Hemisphere can be attributed to the enhancements in the treatment of dynamical processes in
this version of the model, with resulting increased transport of NOy across the equatorial region.

All the results are obtained from steady state model simulations where the model is run for 10 years
with the same species input, heating rates input and climatological input files and differing aircraft
emission input files according to the scenarios.

Table 3 gives the results of the two versions of the UIUC 2—D model for Northern and Southern
Hemispheres separately of total column ozone change (in percentage) along with the results of all the
other 2-D model assessments as reported in IPCC (1999).

The northern hemisphere value is in good agreement with the rest of the model results for the S1b
(H»O only) scenario but for most of the other scenarios (Slc, S1d, Sle, and S1i) the percentage decrease
in column ozone is slightly higher that the other model results. A much higher decrease in ozone
(—0.95 percent) is seen for a greater fleet size [S1i scenario (fleet size = 1000, E.I. (NOy) = 5)]. But this is
similar to that of GSFC 2-D (NASA Goddard Space Flight Center 2—D model) result (—0.9 percent) and
close to the AER (Atmospheric and Environmental Research model) result (0.7 percent). The highest
northern hemisphere column ozone change is seen for the Sle scenario (—1.39 percent) which has an
E.I. (NOy) = 15 g/kg of fuel. Thus the current version of the UIUC 2—D model has a more acute ozone
depleting chemistry arising from nitrogen oxides (NOy). This is essentially because of the chemistry
update done in this version as mentioned above in the model description section.

The Southern Hemisphere values for the percentage decrease in total column ozone are much higher
for our 2-D model than most of the other assessment models except for GSFC 2—-D, which has similar, or
even higher ozone depletion values reported for Southern hemisphere. Actually the Southern Hemisphere
response to HSCT emissions depends on the transport characteristics of the model, particularly because
HSCT emissions occur far from the Southern Hemisphere vortex. Global transport characteristics
determine the fraction of HSCT emissions, which eventually are transported into the Southern
Hemisphere winter polar vortex. (Kinnison et al., 2001). Thus the high value obtained for the Southern
Hemisphere from the current version of the UIUC 2—-D model can be accounted for because of the
different representation of the transport phenomenon due to the changes made in the dynamics of the
model.

Figure 4 shows percentage change in ozone profile for Slc [fleet size = 500, E.I. (NO,) = 5] relative
to D[subsonic aircraft only] in June 2015. The broad distribution pattern matches with most of the 2-D
models reported in IPCC (1999) as shown in figures 4 to 6(c) (IPCC, 1999). There is an ozone formation
maximum (~0.75 percent) around the equatorial region near 20 km altitude and decrease of 0.5 to
0.75 percent near the Northern Hemisphere higher latitudes in the upper troposphere lower stratosphere
region. This is expected due to the fact that most of projected air traffic would be in the Northern
Hemisphere. But even if the HSCT aircraft emissions are primarily in the Northern Hemisphere mid-
latitude region, the maximum ozone loss is observed at Northern Hemisphere high latitudes. This is
because of the effects of atmospheric transport processes.

Figure 5 depicts the percentage change in total column ozone over a year for the S1c scenario from
the UIUC 2-D model. The plot is comparable to the IPCC (1999) Figures 4 to 6(d). There is an ozone
depletion peak near the southern polar region around the month of October. It is also noteworthy to see
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Figure 4—Percentage change in ozone profile for Slc [E.I. (NOy) =5, 500 supersonic + subsonic
aircraft] relative to D[subsonic aircraft only] in June 2015 from the current version of the UIUC 2-D
model.
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Figure 5.—Percentage total column ozone change for Slc [E.I. (NOy) = 5, 500 supersonic + subsonic
aircraft] relative to D [subsonic aircraft only] from the current version of the UIUC 2—D model.
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two depletion maxima near the northern hemisphere contrary to the single maxima of ozone depletion
predicted by the other models used in the IPCC (1999).

The change in water vapor concentration (in ppmv) for the S1c scenario is shown in figure 6. The
water vapor change pattern shows very close similarity with the IPCC (1999) figures 4 to 6(b). A
maximum concentration of ~ 0.6 ppmv is predicted by our model around 30 to 60 °N latitudes which
matches with most of the 2—D models results in IPCC, 1999 report. The water vapor distribution shown in
figure 6 is only above the tropopause.

The column ozone sensitivity to supersonic emission of NOy can be seen in figure 7. It compares
between the two versions of the UIUC 2-D model and all the 2-D assessment models (IPCC, 1999). The
2002 version of the UIUC 2-D model predicts more depletion of ozone due to addition of NOy than the
1999 version as well as the other models reported in 1999 IPCC report, especially for E.I. (NOy) = 10 and
15 g/kg of fuel. This conforms to the chemistry upgrades done in the current version of the UIUC 2-D
model. Thus the UIUC 2—-D model shows quite a large sensitivity to addition of NOy in the range after
E.I. (NOy) =5 to 15g/Kg of fuel. In general the model derived O; change is in better agreement among
participating models at E.I. (NOy) = 5 and 10 g/kg of fuel. The spread is considerable at E.I. (NO,) =
15 g/kg of fuel amongst the models.
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Figure 6.—H,0 change (ppmv) for Slc [E.I. (NOy) = 5, 500 supersonic + subsonic aircraft] relative to
D[subsonic only] in June 2015 from the current version of the UIUC 2—D model.
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Figure 7.—Northern Hemisphere total O; column change as a function of E.I. (NOy) in 2015 for an HSCT
fleet size of 500 aircraft for all the IPCC (1999) model results and the three versions of the UIUC 2-D
model.

3.2 HSCT Type Scenario Results

A total of 24 scenarios have been evaluated for the latest HSCT type fleet scenarios from Baughcum
et al. (2002). All the results are obtained from steady state model simulations where the model is run for
10 years the same way as the previous scenarios have been studied. Table 4 gives the total column ozone
change, global and for the two hemispheres separately, for two cases of fuel burns each evaluating four
different cruise altitudes and three different E.I. (NOy) cases.

In table 4, for the two different fuel burns and E.I. (NOy) cases, there is no net total ozone depletion
for the cruise altitude band 13 to 15 km. This can be attributed to the fact that in the upper troposphere
and lowest altitudes of the stratosphere, ozone can be formed instead of destroyed by higher nitrogen
oxide concentrations due to chemistry similar to the smog cycle. Thus, for any given latitude, there is a
crossover point above which NOy destroys ozone and below which NO; produces ozone.

For the most likely cases for a realistic HSCT fleet, with E.I. (NO,) of about 10 gm NOj per kg fuel
and cruise altitudes above about 15 km, the Northern Hemisphere decrease in total ozone is less than or
equal to 0.064 percent.

Table 4 shows that the impact in the Northern Hemisphere total column ozone change is much larger
than the impact in the Southern Hemisphere. There is much more HSCT air traffic expected in the
Northern Hemisphere compared to the Southern Hemisphere. The effect on the Southern Hemisphere
ozone is larger than would be expected based on the relative amount of emissions due to transport of
emissions across the equatorial region.

The maximum change in local ozone depletion amongst all the scenarios is 2.22 percent, which is
found for the higher total fuel burn of 146 Mlbs/day and E.I. (NOy) = 20 g/kg and the highest cruise
altitude band of 19 to 21 km. For the lower E.I. (NO,) cases of 5 and 10 g/kg of fuel with the same fuel
burn and same cruise altitudes, the maximum local ozone depletion are 0.49 and 1.01 percent,
respectively.

Figure 8 depicts the total column ozone change for a fleet of HSCT type aircraft flying at a cruise
altitude of 19 to 21 km for a total fuel burn of 146 Mlbs/day and E.I. (NO,) = 20 g/kg of fuel relative to
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TABLE 4—PERCENTAGE CHANGE IN OZONE FOR HSCT TYPE SCENARIOS RELATIVE TO 2020 BACKGROUND
ATMOSPHERE. NH AND SH CORRESPOND TO THE TOTAL OZONE CHANGE IN THE NORTHERN AND
SOUTHERN HEMISPHERES, RESPECTIVELY. GLOBAL CORRESPONDS TO THE GLOBALLY-
AVERAGED CHANGE IN TOTAL OZONE. MAX AND MIN CORRESPOND TO THE MAXIMUM
(MOST POSITIVE) AND MINIMUM (MOST NEGATIVE) CHANGE IN LOCAL OZONE
THROUGHOUT THE STRATOSPHERE.

Fuel burn E.I. (NO,) Altitude bands (km)
Mibs/day g/kg of fuel 13t015 | 15t017 | 17t19 | 19t02l
NH 0.004 —0.015 —0.060 —0.110
Global 0.003 —0.012 —0.049 —0.086
5 SH 0.002 —0.008 —0.038 —0.063
Min 0.000 —0.044 —0.154 —0.245
Max 0.008 —0.001 —0.028 —0.047
NH 0.007 —0.029 —0.110 —0.203
Global 0.006 —0.021 —0.086 —0.154
73 10 SH 0.005 —0.014 —0.062 —0.104
Min 0.000 —0.083 —0.263 —0.508
Max 0.017 0.013 —0.042 —0.075
NH 0.014 —0.061 —0.222 —0.408
Global 0.011 —0.044 —0.168 —0.300
20 SH 0.009 —0.027 —0.114 —0.192
Min —0.001 —0.173 —0.562 -1.075
Max 0.032 0.049 —0.035 —0.132
NH 0.007 —0.032 —0.120 —0.216
Global 0.006 —0.024 —0.104 —0.174
5 SH 0.005 —0.017 —0.088 —0.132
Min 0.000 —0.092 —0.332 —0.492
Max 0.015 —0.001 —0.062 —0.096
NH 0.013 —0.064 —0.228 —0.413
Global 0.011 —0.047 —0.183 0314
146 10 SH 0.009 —0.030 —0.137 —0.216
Min —0.002 —0.179 —0.540 —1.005
Max 0.030 0.028 —0.091 —0.157
NH 0.023 —0.135 —0.487 —0.864
Global 0.020 —0.098 —0.369 —0.630
20 SH 0.018 —0.060 —0.251 —0.397
Min —0.008 —0.384 —1.210 —2.224
Max 0.049 0.101 —0.052 —0.231
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Figure 8.—Total column ozone change for a fleet of HSCT type aircraft flying at a cruise altitude of 19 to
21 km, for a fuel 146 Mlbs/day and E.I. (NOy) =20 g/kg of fuel.

the 2020 background atmosphere. The largest decrease in total ozone occurs at high Northern latitudes in
the Northern Hemisphere summer and autumn months. Figure 9 is similar to figure 8 but is the case for a
total fuel burn of 73 Mlbs/day. Figure 9 shows the same trend in ozone depletion but is smaller in
magnitude. The ozone minimum for the 73 Mlbs/day shows values of slightly more than 0.90 percent
around the North Pole region in the month of October where as for the 146 Mlbs/day case we see an
ozone minimum of more than 2.0 percent around that same region.

Figures 8 and 9 represents the higher extreme of the scenarios for the two fuel burn cases. But a more
likely case for a realistic HSCT fleet, with E.I. (NOy) of about 10 gm NOy per kg fuel and cruise altitudes
above about 15 km is depicted in figures 10 to 13.

Figure 10 represents the total column ozone change for a fleet of HSCT type aircraft flying at a cruise
altitude of 17 to 19 km for a fuel burn of 146 Mlbs/day and E.I. (NOy) = 10 g/kg of fuel relative to the
2020 background atmosphere. Figure 11 is for a similar scenario but for fuel burn of 73 Mlbs/day.
Figures 12 and 13 shows the same for the more realistic cruise altitude of 15 to 17 km and for the two fuel
burns, respectively. We see that there are two maxima of ozone depletion near the North Pole, one around
July and the next around October for all these figures. For the 15 to 17 km altitude there is an ozone loss
maximum of ~ 0.17 percent around the North Pole in October and little over 0.1 percent loss around the
60° N latitude region for the 146 Mlbs/day case. For the 73 Mlbs/day case the pattern looks the same but
the magnitude of ozone depletion is much less.
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Figure 9.—Total column ozone change for a fleet of HSCT type aircraft flying at a cruise altitude of 19 to
21 km, for a fuel 73 Mlbs/day and E.I. (NOy) = 20 g/kg of fuel.
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Figure 10.—Total column ozone change for a fleet of HSCT-type aircraft flying at a cruise altitude of 17
to 19 km, for a fuel burn of 146 Mlbs/day and E.I. (NOy) = 10 g/kg of fuel relative to the 2020
background atmosphere.
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Figure 11.—Total column ozone change for a fleet of HSCT-type aircraft flying at a cruise altitude of 17
to 19 km, for a fuel burn of 73 Mlbs/day and E.I. (NOy) = 10 g/kg of fuel relative to the 2020
background atmosphere.
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Figure 12.—Total column ozone change for a fleet of HSCT type aircraft flying at a cruise altitude of 15
to 17 km, for a fuel 146 Mlbs/day and E.I. (NOy) = 10 g/kg of fuel.
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Figure 13.—Total column ozone change for a fleet of HSCT type aircraft flying at a cruise altitude of 15
to 17 km, for a fuel 73 Mlbs/day and E.I. (NOy) = 10 g/kg of fuel.

Figure 14 shows the change in ozone as a function of altitude and latitude during June relative to the
2020 background atmosphere for the scenario with a cruise altitude of 19 to 21 km, a total fuel
73 Mlbs/day and E.I. (NOy) =20 g/kg of fuel. Figure 14 corroborates the fact that there is an intense
ozone loss region around the Northern Hemisphere higher latitudes and around the altitude band of the
aircraft emission injection. This is expected as a result of the projected aircraft emissions being primarily
at mid-latitude in the Northern Hemisphere. The maximum ozone loss is observed at high latitudes of the
Northern Hemisphere because of the effects of transport processes.

Figure 15 gives the change in ozone with altitude and latitude for a case similar to that in figure 14,
but for a fuel burn of 73 Mlbs/day. As expected the change in ozone is smaller in figure 15 compared to
the higher fuel burn scenario shown in figure 14. Figures 16 and 17 depict the same but for the more
probable scenario of a fleet of HSCT type aircraft flying at a cruise altitude of 15 to 17 km for a fuel burn
of 146 Mlbs/day and E.I. (NOy) = 10 g/kg of fuel. In all the figures 14 to 17, a region of ozone formation
from the aircraft emissions is found in the equatorial region. This increase results from increased radiation
reaching lower stratospheric altitudes in the tropics due to ozone destruction at higher altitudes.

Figure 18 shows the relationship between the percentage change of total column ozone in the
Northern Hemisphere relative to E.I. (NO,) for the four different altitude bands and a total fuel burn of
73 Mlbs/day, while figure 19 is for a total fuel burn of 146 Mlbs/day. From these two plots it is evident
that the percentage change in total column ozone holds a linear relationship with E.I. (NOy) for all the
four altitude bands studied. The 13 to 15 km altitude band series has a slight positive slope owing to the
net formation of ozone in that region of the atmosphere.

Figures 20 to 23 depict the correlation between percentage change in Northern Hemisphere total
column ozone and E.I. (NOy) for the two cases of fuel burns studied (blue = 73 Mlbs/day, red =
146 Mlbs/day) for the four altitude bands starting from 13 to 21 km, respectively. From these figures, the
relationship between the total column ozone change in percentage and E.I. (NOy) is proven to be linear
too, for the range of E.I. (NOy) examined.
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Figure 14.—Change in ozone as a function of altitude and latitude during June for a fleet of HSCT type
aircraft with a cruise altitude of 19 to 21 km, a total fuel 146 Mlbs/day and E.I. (NOy) =20 g/kg of fuel.
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Figure 15.—Change in ozone as a function of altitude and latitude during June for a fleet of HSCT type
aircraft flying at a cruise altitude of 19 to 21 km for a fuel 73 Mlbs/day and E.I. (NOy) = 20 g/kg of fuel.
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Figure 16.—Change in ozone as a function of altitude and latitude during June for a fleet of HSCT type
aircraft with a cruise altitude of 15 to 17 km, a total fuel 146 Mlbs/day and E.I. (NOy) = 10 g/kg of fuel.
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Figure 17.—Change in ozone as a function of altitude and latitude during June for a fleet of HSCT type
aircraft with a cruise altitude of 15 to 17 km, a total fuel 146 Mlbs/day and E.I. (NOy) = 10 g/kg of fuel.
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Figure 18.—Percentage change in NH total column ozone as a function of E.I. (NOy) at different altitude
bands for a total fuel burn of 73 Mlbs/day.
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Figure 19.—Percentage change in NH total column zone as a function of E.I. (NOy) at different altitude
bands for a total fuel burn of 146 Mlbs/day.
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Figure 20.—Percentage change in NH total column zone as a function of E.I. (NOy), for two different fuel
burns for the cruise altitude band of 13 to 15 km.
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Figure 21.—Percentage change in NH total column zone as a function of E.I. (NOy), for two different fuel
burns for the cruise altitude band of 15 to 17 km.
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Figure 22.—Percentage change in NH total column zone as a function of E.I. (NOy), for two different fuel
burns for the cruise altitude band of 17 to 19 km.
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Figure 23.—Percentage change in NH total column zone as a function of E.I. (NO,), for two different fuel
burns for the cruise altitude band of 19 to 21 km.
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Figure 24.—Calculated column ozone impact for the Northern Hemisphere as a function of cruise altitude
for different E.I. (NO,) and for fuel burn of 73 Mlbs/day and 146 Mlbs/day.

Figure 24 presents the calculated column ozone impact for the Northern Hemisphere as a function of
cruise altitude for different E.I. (NO,) and the two fuel burn cases. In this figure the altitude sensitivity of
the studies show the point in the lower atmosphere where the effect on ozone transitions from a positive
effect on ozone to a negative impact. The inflexion point is near 14.25 km. Other than the lower altitude
emissions cases, the cruise altitude bears a linear relationship with percentage total column ozone change.

3.2.1. Comparison of HSCT type cases with HSCT (IPCC, 1999) cases.—]lt is also valuable to
compare the derived change in ozone relative to earlier scenarios and to the effect derived for subsonic
aircraft fleets. Table 5 shows the effects on ozone from several scenarios for HSCT aircraft used in [IPCC
(1999), for the 2020-projected fleet of subsonic aircraft and for several E.I.(NOy) cases for the HSCT type
aircraft studied in this report for the altitude range of 17-19 km. For the earlier HSCT scenarios, two of
the IPCC scenarios were chosen, S1d and Sle, both of which are based on an assumed fleet of 500 HSCT
aircraft but with different emission indices for NO, (IPCC, 1999). Effects on ozone from the 2020
subsonic fleet, using emissions based on Baughcum et al. (2002), was calculated in the 2—D model
relative to a 2020 background atmosphere.
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TABLE 5—COMPARISON OF EFFECTS ON OZONE USING EARLIER HSCT SCENARIOS FOLLOWING IPCC (1999),
HSCT SCENARIOS IN THIS STUDY AND THE 2020 SUBSONIC AIRCRAFT FLEET RELATIVE TO 2020
BACKGROUND ATMOSPHERE.

Scenarios Fleet Size E.I. (NO,) Cruise Altitude O; column change O; concentration
g/kg of fuel km Global | NH | SH Max | Min
10 17t020 | | T —0.288 0.139 -1.823
HSCT 500 0.492 0.696
-2015 aircraft
15 1.030 1392 —0.667 0.143 —3.822
Subsonic
only | @ --——- -- 10.7 to 13.7 0.408 0.584 0.233 0.991 0.132
-2020
5 17 to 19 0.049 0.060 —0.038 —0.028 —0.154
=73 10 | e T T 0.062 0.042 0.263
Mlbs/day | - | T 0.086 | 0.110 | s e
HSCT 200 | e 0.168 0222 -0.114 —0.035 —0.562
type
-2020 {0 _ 0 || e
5 | e 0.104 0.120 —0.088 —-0.062 -0.332
~146 | | e | e
Mibs/day 0 | - 0.183 0228 -0.137 —0.091 —-0.540
20 | - 0.369 0.487 —-0.251 —-0.052 -1.210
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Figure 25.—Comparison of effects on Northern Hemisphere change in total column ozone for model
studies of HSCT scenarios from IPCC (1999), the HSCT scenarios evaluated here, and a 2020 subsonic
aircraft fleet emissions case.

Based on the results in table 5, figure 25 shows the comparative effect on Northern Hemisphere total
column ozone due to the fleet of HSCT aircraft (IPCC, 1999), subsonic only aircraft and HSCT type
aircraft. The effects on ozone, due to the new HSCT type aircraft is much less than the fleet of HSCT
aircraft studied in IPCC (1999) report. The effect of the kind of HSCT aircraft studied in this report is at
least a factor 2.5 less than the HSCT aircraft studied in IPCC (1999). The new scenarios use fuel burns
that are much smaller than the scenarios used in the 1999 assessment, in recognition that a viable HSCT
aircraft will need to be much more fuel efficient than the earlier designs (see Baughcum et al., 2002). The
subsonic fleet produces a positive effect on total Northern Hemisphere ozone concentration.

Conclusions

e The current version of the UIUC 2—-D model generally shows much higher sensitivity than the IPCC
(1999) assessment models. This overall difference is largely due to several changes in the chemistry
for nitrogen oxides in the lower stratosphere, resulting in an increased sensitivity of NO, emissions
on stratospheric ozone.

e The water vapor emissions have similar effects as compared to the earlier assessment analyses.

e The differences in the results for the Southern Hemisphere can be attributed to the enhancements in
the treatment of dynamical processes in this version of the model, with resulting increased transport
of NOy across the equatorial region.

e In this study of the potential impact of a fleet of HSCT type aircraft, the maximum local ozone
depletion, even for the highest E.I. (NOy) of 20 g/kg of fuel, fuel burn of 146 Mlbs/day and highest
cruise altitude case, was found to be 2.22 percent. Total ozone changes in the Northern Hemisphere
for this case is 0.864 percent or less.
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e The maximum local ozone depletion for the more realistic scenario of a HSCT type fleet, with
E.L. (NOy) of about 10 gm NOj per kg fuel and cruise altitudes between 15 to 17 km, the Northern
Hemisphere decrease in total ozone is equal to 0.064 percent.

o The relationship between percentage total column ozone change and E.I. (NO,) is linear for all
cruise altitudes.

o The relationship between percentage total column ozone change and E.I. (NOy) is linear for all fuel
burns as well.

o The altitude in the atmosphere above which net ozone depletion begins due to these projected
flights is around 14.25 km.

o The relationship between percentage total column ozone change in the Northern Hemisphere is
linear with cruise altitude for the altitude ranges above 15 km.

o This study provides crucial information for determining the optimum fuel burn, emission index of
NOy, and cruise altitude of the projected fleet of HSCT type aircraft, such that ozone depletion in the
lower stratosphere is kept to a minimum.
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